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Thermal Cycling Behavior of Plasma-Sprayed
Thermal Barrier Coatings with
Various MCrAIX Bond Coats

J.A. Haynes, M.K. Ferber, and W.D. Porter

(Submitted 26 January 1999; in revised form 5 December 1999)

The influence of bond coat composition on the spallation resistance of plasma-sprayed thermal barrier coatings
(TBCs) on single-crystal René N5 substrates was assessed by furnace thermal cycle testing of TBCs with various
vacuum plasma spray (VPS) or air plasma-spray (APS) MCrAIX (M = Ni and/or Co; and X =Y, Hf, and/or
Si) bond coats. The TBC specimens with VPS bond coats were fabricated using identical parameters, with the
exception of bond coat composition. The TBC lifetimes were compared with respect to MCrAIX composition
(before and after oxidation testing) and MCrAIX properties (surface roughness, thermal expansion, hardness,
and Young's modulus). The average TBC spallation lifetimes varied significantly (from 174 to 344 1 h cycles
at 1150°C) as a function of bond coat composition. Results suggested a relationship between TBC durability
and bond coat thermal expansion behavior below 90. Although there were only slight differences in their
relative rates of cyclic oxidation weight gain, VPS MCrAIX bond coats with better oxide scale adhesion
provided superior TBC lifetimes.

Keywords TBCs, thermal barrier coatings, cyclic oxidation, andf/or Stl)' Th_er?e Mqulx alloys are applied to _the Superal_loy
plasma spray, bond coat surface by either air plasma-spray (APS), which results in a

porous metallic coating with moderate oxidation resistance, or by
vacuum plasma-spray (VPS), which provides a bond coat with
1. Introduction minimal porosity and superior oxidation resistance. It is com-
monly assumed that the rough surface of the plasma-sprayed bond
There is significant interest in developing an improved un- coat promotes adhesion of the plasma-sprayed ceramic tdp coat,
derstanding of the degradation mechanisms of plasma-sprayealthough a rough bond coat surface may not be necessary in all
thermal barrier coatings (TBCs) systems, so that coatings withcased? During high-temperature exposure, a thin protective
improved performance can be designed. Bilayer plasma-sprayedhl,O; scale (which is the basis for the oxidation resistance of the
TBCs, which consist of an oxidation-resistant metallic bond coat bond coat) forms along the rough bond coat-YSZ interface by se-
overlaid with a thermally insulating ceramic top coat, are com- lective oxidation of Al in the metallic coating.
monly used to protect stationary, hot-section superalloy compo-  The typical failure mode of plasma-sprayed TBCs during both
nents in gas turbine engindsThe porous ceramic top coat, engine service and laboratory testing is fracture and delamination
which is typically 6 to 8 wt.% YOs-stabilized ZrQ (YSZ), pro- of the porous YSZ near to and parallel to the irregular bond coat
tects the underlying air-cooled engine component by signifi- interfacel>-9 Although a multitude of phenomena contribute to
cantly reducing its operating temperattife.However, the TBC degradation, it is generally agreed that the predominant
reliability and durability of plasma-sprayed TBCs are limited by TBC damage mechanisms are (1) YSZ residual stresses induced
the tendency of the ceramic top coat to prematurely fracture anddy metal-ceramic thermal expansion mismatch (during cooling)
spall during thermal cycling. Although various types of plasma- and (2) interfacial bond coat oxidation. Residual stresses in the
sprayed TBCs have been in commercial engine service on staceramic layers (AD; and YSZ) are influenced by the topology
tionary components for at least 3 decaélehere is still an of the metal-ceramic interfaéé,the thermal expansion charac-
inadequate understanding of their specific degradation mechateristics of the bond coat and superafléyand the constrained
nismsi#3 which limits efforts to significantly improve TBC de- interfacial volume increase due to growth of thgd4bcale. Lo-
sign and life prediction capabilities. calized ceramic residual stresses, which typically consist of a
The metallic bond coat plays a critical role in TBC perfor- combination of in-plane compression and out-of-plane tefidion,
mance, since it provides both oxidation resistance and a surfacare difficult to measure and predict due to the complexity of the
to which the plasma-sprayed YSZ can physically and/or chemi-interface morphology and YSZ microstructure, as well as a lack
cally bond. The bond coat may also serve as a compliant layer (aof sufficient information on time- and temperature-dependent
high temperatures) that partially accommodates thermal stressegnaterials propertie®!*13
Bond coats for plasma-sprayed TBCs typically consist of a vari-  The oxidation behavior of the bond coat (which depends on
ety of MCrAIX alloys, where M = Ni and/or Co and X =Y, Hf, MCrAIX composition and microstructure) is clearly an important
factor, since bond coats with poor oxidation resistance result in
J.A. Haynes, M.K. Ferber,andW.D. Porter, Oak Ridge National rapid TBC failuré:23 The fracture resistance and adhesion be-
Laboratory, Oak Ridge, TN 37831-6063. havior of the interfacial AD; scale may also be important
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issued’91418] glthough these topics have received relatively lit- were coated on only one face. Overspray from plasma sprayin
tle attention with regard to plasma-sprayed TBCs. There is alsowas removed from the substrate edges by grinding, and all e
phenomenological evidence that suggests bond coat propertieposed René N5 superalloy surfaces were ground to a 240 g
such as strength and creep response exert a significant influend@ish with SiC paper.
on TBC thermomechanical stability.*113] A single, coarse NiCrAlY powder{ 06453 um) was used to

A review of the literature indicates substantial differences in deposit APS NiCrAl-1Y (Table 2). All VPS bond coats were fab-
the thermal cycle lifetimes of various plasma-sprayed TBC sys-ricated in two steps, using two different powder sizes (Table 2)
temslt46891417Much of the variability from study to study can  The substrates were first preheated to approximateR®b0the
be attributed to differences in substrate quality, specimen geomvacuum chamber by a transferred arc process. A fine powder si3
etry, powder materials, plasma-spray parameters, postdepositiof—45+10 ym) was used to deposit the first @ of VPS
residual stresses in the YSZ, test conditions, bond coat microMCrAIX, in order to achieve a high-density inner layer. The
structure, and oxidation behavior. These differences complicatecoarser powder{L06/453 um) was then used to deposit the outer
interpretation of results and often prevent definition or compari- 50 um of VPS MCrAIX, to increase the bond coat surface rough-
son of the dominant driving force(s) behind the failure of specific ness. The two coating steps were part of a continuous proegss (
TBC systems. the specimens did not cool between VPS coating steps). All VP

The primary objective of this study was to systematically in- bond coats were deposited using identical deposition paramete
vestigate the influence of bond coat composition on the spalla<i.e., the processes were not optimized for the specific MCrAIX
tion resistance of plasma-sprayed TBCs. In an effort to isolatesystems), and specimens were not annealed prior to oxidation teg
the influence of bond coat composition, TBC specimens wereing. The APS and VPS deposition parameters for all MCrAIX
fabricated with identical superalloy substrates, VPS bond coatcoatings in this study are listed in Table 3.
deposition parameters, MCrAIX powder sizes, and APS YSZtop  Selected MCrAIX-coated substrates were overlaid with APS
coats. A superalloy with excellent oxidation resistance (single- YSZ top coats to a nominal thickness of P These specimens
crystal René N5, provided by General Electric Aircraft Engines, will be referred to hereafter as TBC specimens. All TBC speci-
Cincinnati, OH) was selected as the standard substrate, so thahens received identical APS YSZ top coats, fabricated by thg
substrate degradation would not significantly influence the re-same robotically controlled APS system, with back-face cooling
sults. The thermal cycle lifetimes of the various types of TBCs to reduce specimen deposition temperature. The ceramic top cog
were compared by furnace cycling at an elevated temperatureconsisted of 7.5 wt.% YD5-ZrO, (containing 1.5 wt.% Hfg). The
(1150°C) to accelerate the coating degradation process. The relspherical YSZ powders werel06/410 pm in size (204NS,
ative TBC lifetimes were then correlated to the MCrAIX bond Metco, Westbury, NY). The APS YSZ plasmaspray parameterg
coat: (1) cyclic oxidation behavior, (2) composition (as a function are listed in Table 3. All TBC specimens were coated on one facq
of time at temperature), (3) thermal expansion behavior, (4) room-
temperature hardness and Young's modulus (with respectto time» 5> Thermal Cycle Testing
at-temperature), and (5) surface roughness.

pPaMaINSY 1984

In order to evaluate and compare the durability of the varioug
TBC systems, laboratory thermal cycle testing was conducte
2. Materials and Experimental Methods in a programmable, automated bottom-drop furnace (CM Fur
naces, Bloomfield, NJ) at 11% in static ambient air. Bare
2.1 Materials superalloy substrates, bare MCrA1X bond coats on substrate
and TBCs were tested. Each thermal cycle consisted of a 15 m
Superalloy substrate discs (2.2 cm diamet€:.3175 cm ramp to 1150C (+6 °C), a 60 min isothermal hold at 1150,
thick, with 0.08 cm edge radii) were electrodischarge machinedand forced air cooling for 30 min to approximately°25 The
from single-crystal slabs of René N5. Table 1 shows the nomi-disc specimens were placed on a poroufDAplate during
nal composition of the superalloy. cyclic testing (with coatings facing upward). Specimens were
All coatings in this study were fabricated at the Thermal Spray removed from the furnace, visually inspected, and weighed a
Lab at the State University of New York — Stony Brook (Stony 12 cycle intervals, and their positions on the test plate were ro
Brook, NY). The superalloy substrate discs were grit blasted with tated after each set of 12 cycles. The measured specimen weig
Al,O;and then plasma sprayed with MCrAIX to a nominal thick- did not include spallation products.
ness of 12%m. Three bond coat compositions (in wt.%) were The TBC specimens were run to either 100 cycles or to TBd
used: Ni-22Cr-10AI-1Y, Ni-22Cr-10AI0.25Y, and Ni-22Co- failure. Failure was defined as visible cracking of the APS YSZ
18Cr-12.5A1-0.4Y-0.15Hf-0.25Si. These three alloys will be re- (away from a specimen edge) or spallation of more than 10% o
ferred to as NiCrAl-1Y, NiCrAl-0.25Y, and NiCoCrA1YHfSi, the YSZ. Specimens consisting of bare MCrAIX-bond coats o
respectively. The NiCrAl-1Y bond coats were applied by both René N5 were cycled to the average lifetime of their associate
APS and VPS, whereas the NiCrAl-0.25Y and NiCoCrAIYHfSi TBC specimens in order to evaluate and compare MCrAIX
bond coats were deposited by VPS only (Table 2). All specimensoxide scale adhesion behavior over the same test interval.

Table 1 Nominal compositions of the superalloy substrates (wt.%)

Material Ni Co Cr Ta Al W Re Mo Hf Ti Y C
René N5 Bal 7.33 7.03 6.42 6.05 5.13 3.05 1.40 0.15 0.01 0.1 0.05]
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Table 2 Bond coats and MCrAIX powders

Bond coat Superalloy substrate Deposition process Powder size(s) Powder designation Powder manufacturer
NiCrAl-1Y(a) René N5 APS -106A53 um Ni 164/211 Praxair(b)
NiCrAl-1Y(a) René N5 VPS —-45A10 um Ni-343 Praxair(b)
-106A53 um Ni 164/211 Praxair(b)
NiCrAl-0.25Y(c) René N5 VPS —-45A10 um Ni-292-2 Praxair(b)
-106A53 um Ni-292-1 Praxair(b)
NiCoCrAlYHfSi(d) René N5 VPS —-45A10 um Ni-192-4 Praxair(b)
-106A53 um Ni-192-15 Praxair(b)

(a) NiCrAI-1Y = Ni-22Cr-10Al-1Y (wt.%). (b) Praxair Specialty Powders (Indianapolis, IN). (c) NiCrAl-0.25Y = Ni-22Cr-10AI-0\EYo).
(d) NiCoCrAlYHfSi = Ni-22Co0-18Cr-12.5AI-0.3Y-0.15Hf-0.25 Si (wt.%)

Table 3 Plasma-spray parameters for APS and VPS bond  tor the sample temperature. The accuracy of the expansion mea-
coats and APS top coats surements was determined to be better #28h over the range
of 20 to 1450°C by means of verification tests using sapphire

Parameter APS MCrAIX  VPS MCrAIX APS YSZ and tungsten reference materials.
Gun type Sulzer FAMB  Sulzer FAVB  Sulzer FAMB Oxidation of the samples during the dilatometer runs was
Nozzle size (mm) 8 7 8 L . -
Gun amperage 500 650 500 m_|n|m|zeq by evacuating 'the system, followed _by backfilling
(amps) with titanium-gettered helium (three times). During the test, a
Gun voltage (V) 67 68 71 helium flow rate of 5 mL/min was maintained at a slight over-
Primary Ar (slpm) 50 50 35 pressure of 3 psi. Expansion measurements were made using a
Se(csfg‘rﬂ?ry H 8.5 8.5 10 computerized data acquisition system, while the samples were
Carrier Ar (slpm) 25 2 25 heated and cooled at a rate 6C3min. Data sets were stored at
Chamber pressure Atm 60 Atm 30 s intervals.
(mbar)
Spray distance 120 300 120
Glfnmggverse speed 20 20 20 2.5 Mechanical Properties Microprobe Analysis
Sl}&?ﬁé rotation 160 160 160 The room-temperature mechanical properties, specifically
(rpm) hardnessH) and Young’'s modulusH), of the MCrAIX bond
Powder feed rate 40 40 35 coats were measured with a mechanical properties microprobe
(9/min) (Nano Indenter Il, Nano Instruments, Oak Ridge, TN) using a

Berkovich diamond indenter. The use of this technique for mea-

surement of thin oxide scale properties has been described in
2.3 Metallography and Characterization detail elsewher&%18 Carefully selected locations on coating
metallographic cross sections were indented to a depth of 200 nm
(8 to 10 indents per specimen). After testing, each indent was in-
spected in order to ensure correct placement. Indents Whmse
E values were significantly lower than average or those that were
in close proximity to a visible second phase or porosity were dis-
regarded.

After cyclic testing, TBC specimens were vacuum infiltrated
by two-part epoxy, cut with a slow speed diamond saw, and
mounted in epoxy. They were sequentially ground to a 600 grit
(SiC) finish and automatically polished (vibratory) withr8 di-
amond paste and 0.@Bn colloidal silica. Coatings were char-
acterized by field-emission gun-scanning electron microscopy
(FEG-SEM; S800 and S4500, Hitachi, Tokyo, Japan) and energy
dispersive spectroscopy. 2.6 Surface Roughness Measurements

Surface roughness profiles of the four types of as-deposited
2.4 Thermal Expansion Measurements bond coats (APS NiCrAl-1Y, VPS NiCrAI-1Y, VPS NiCrAl-
0.25Y, and VPS NiCoCrAIlYHfSi) were measured using a Rank
. Taylor Hobson contact profilometer (Rank Taylor Hobson Lim-
(wt.%) and Ni-22C0-18Crl12.5Al-0.3Y alloys, as well as the 4 | eicester, England). Three measurements of 5 mm length

Rene N5 superalloy, was measured to assess the relat've_'nﬂlvvere made at random locations on each bond coat surface using
ence of substrate and bond coat thermal expansion behavior 04 stylus with a 2.@m tip radius

TBC durability. Note that there were no Hf or Si additions to the
cast NiCoCrAlY alloy. The superalloy and cast MCrAIX speci-
mens were electrodischarge machined to rods of 4 mm diametes 7 £jactron Microprobe Analysis

x 10 mm length. Thermal expansion measurements were madt

from 25 to 1200C, using a Theta Industries (Port Washington, The compositions of the various MCrAIX bond coats were
NY) dual push rod differential dilatometer. A tungsten rod with a measured on metallographic cross sections in the as-deposited
length of 10 mm was used as the reference material. A platinumcondition, after 100 1 h cycles and after TBC failure. Quanti-
platinum-10% rhodium type S thermocouple was used to moni-tative compositional analysis was conducted with an electron

The thermal expansion behavior of cast Ni-20Cr-10Al-0.3Y

40—Volume 9(1) March 2000 Journal of Thermal Spray Technology
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microprobe (JEOL Superprobe 733, Tokyo, Japan) at 20 kV.3.1 Thermal Cycle Testing of TBCs

Elements were calibrated against pure standards and measure ) . .

peak counts were corrected using the PRZ (Phi-Rho-Z) method _Furnace thermal cycle testing of TBC specimens with Rene
Data were collected as a line profile at 2 fobintervals across NS Substrates and identical APS YSZ top coats revealed signif
the bond coat thickness. cant differences in TBC lifetimes depending on the MCrAIX

bond coat composition and deposition method. Figure 3 com
pares the average lifetimes of the TBCs in this study. The TBC
3. Results with VPS NiCrAl-1Y bond coats were the most durable and ex-
hibited a 20% improvement in lifetime as compared to TBCs with
Typical microstructures of as-deposited TBCs with APS and APS NiCrAI-1Y bond coats. The lifetimes of TBCs with VPS
VPS bond coatings are shown in the backscattered electrorNiCoCrAlYHfSi bond coats wer&éb50% lower than TBC life-
(BSE) images of TBC metallographic sections in Fig.1(a) and times on VPS NIiCrAI-1Y andB7% lower than those on APS
(b), respectively. The as-deposited APS NiCrAl-1Y bond coats NiCrAl-1Y. The range of values in Fig. 3 indicates relatively
(Fig. 1c) contained high levels of porosity and entrained oxides,good consistency in coating lifetimes (within the constraints of
due to oxidation of Al and Y during plasma processing at atmos-the specimen amounts).
pheric pressure. The three types of as-deposited VPS MCrAIX Representative weight change curves during thermal cyclg
bond coats displayed relatively high densities and similar micro- testing of the various TBC specimens on René N5 substrates a
structures (Fig. 1d). compared to bare René N5 in Fig. 4. There was little internal
Characterization of metallographic cross sections of failed oxidation of the VPS bond coats or René N5 (as determined b
TBCs indicated similar failure modes for all TBCs in this study, SEM analysis of metallographic cross sections), so the weig
regardless of bond coat composition. The observed failurechanges of these specimens can be attributed to their relati
mode was fracture and delamination of the YSZ layer near to,oxidation behavior at the metal surfaces. Specimens with AP
but typically above, the irregular bond coat interface, as shownNiCrAI-1Y bond coats experienced oxidation along internal
in Fig. 2. porosity, which is reflected by their higher weight gains (Fig. 4).

POMBINSY 193

Fig.1 BSE images of as-deposited TBCs showing (a) TBC with APS NiCrAl-1Y bond coat; (b) TBC with VPS NiCoCrAIYHfSi bond coat; (c) A
NiCrAl-1Y bond coat, with porosity and oxide inclusions (dark contrast phases); and (d) dense VPS NiCoCrAlYHfSi bond nuatoStnecture

of (d) was representative of all VPS bond coats in the as-sprayed condition. The VPS bond coats experienced furthemndeftesifiedicreatment

at 1150°C.
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Fig. 4 Representative weight change curves from cyclic oxidation
testing (at 1150C) of bare René N5 substrates and the four types of
TBC specimens with various MCrAIX bond coats (coated with YSZ) on
René N5 substrates. Note that only one face of the TBC specimens was
coated.

Fig. 2 SEM image of a typical cross section of a failed TBC (VPS

NiCrAl-0.25Y, after 240 1 h cycles to 1180). The failure mode of all

TBCs in this study was fracture of the YSZ top coat parallel to the bond

coat interface. parisons being limited by variations in bond coat surface rough-

ness from specimen to specimen). The magnitude and rate of
weight gain were greater for the TBC specimens than René N5,
500 due to their greater surface area and inhibition gDAécale
spallation from the MCrAIX-coated face by the APS YSZ. The
cyclic oxidation rates of TBCs with VPS NiCrAl-1Y and NiCrAl-
: 0.25Y bond coats were nearly identical, whereas TBCs with
VPS NiCoCrAlYHfSi bond coats displayed a slightly higher rate

after 100 cycles (Fig. 4).
300 -
3.3. Thermal Cycle Testing of Bare Bond Coats
0T | René N5 substrates coated on one face with as-sprayed
MCrAIX bond coats were also tested, to compare their relative
100 | scale adhesion behavior. Although there were no major differ-
ences in the cyclic oxidation behavior of the VPS MCrAIX bond
coats (Fig. 5), there were subtle differences in the transient oxi-
e dation rates, the time to scale spallation, and the apparent rate of

400

L

Number of Cycles to TBC Failure

ves Aaps ves P e scale spallation. The VPS NiCoCrAIYHfSi displayed the lowest
HiCrAlAY HiCral1Y HiCrAl-0.3Y HiCoCrAIYHISI R . . N . A
initial oxidation rate and maximum weight gain, as compared to
Bond Coat Type VPS NiCrAl-1Y and NiCrAl-0.25Y. The points at which the

Fig. 3 Comparisons of the average lifetimes of plasma-sprayed TBCs Weights of the VPS coatings (Fig. 5) begin to decrease can be
with various bond coats on René N5 substrates, as determined by 1 gonsidered the initiation of significant scale spallation. Signifi-
thermal cycles to 115%C. The mean TBC life and standard deviation cant scale spallation initiated at approximately 150 1 h cycles for

are shown for each specimen type. bare René N5, 120 cycles for APS NiCrAl-1Y, 96 cycles for
VPS NiCrAI-0.25Y, 72 cycles for VPS NiCrAI-1Y, and 60 cy-
cles for VPS NiCoCrAIYHfSi. Furthermore, from comparison
Since these specimens were coated on only one face, the weiglof the slopes of the curves after scale spallation initiated, René
gains of the coated specimens actually indicate the compositeN5 displayed the most gradual rate of scale spallation (which
oxidation behavior of the plasma-sprayed MCrAIX surfaces and appears to be only partially due to the lower surface area of the
the René N5 surfaces. The coating weight gain values were noRené N5), followed by VPS NiCrAI-1Y, VPS NiCoCrAlY-
corrected for the actual MCrAIX surface areas (which were HfSi, and then VPS NiCrAl-0.25Y. These comparisons sug-
unknown because of the surface roughness) and, thus, are onigest that AJO; scale adhesion to the René N5 surfaces during
valid for comparison purposes within this study (with these com- thermal cycling was superior to scale adhesion to the plasma-

42—\Volume 9(1) March 2000 Journal of Thermal Spray Technology
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sprayed MCrAIX bond coats. This result agrees with the relative  The Cr content of the as-deposited VPS NiCoCrAlYHfSi
oxidation behavior previously reported for cast NiCrAl and (117 wt.%) was slightly lower than that of the VPS and APS
René N5l NiCrAl-1Y (22 wt.%). Note that the Cr content of each bond

coat was reduced fdl4 wt.% at TBC failure, even though each

3.4. Electron Microprobe Analysis and TBC failed after significantly different test intervals (Fig. 3).

Characterization of TBC Failure Mode
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" . 3.5. Thermal Expansion Measurements
Bond coat compositions were measured before and after oxi-

dation testing to investigate the effects of bond coat Al or Crde-  Thermal expansion measurements of cast MCrAIX alloys con
pletion (due to oxidation and substrate interdiffusion) on TBC firmed that there were significant differences in the thermal ex
durability. Table 4 compares the mean Ni, Co, Cr, and Al con- pansion behavior of the NiCrAlY and NiCoCrAlY starting
tents (averaged from the line scans across the bond coat thickcompositions. Figure 6 displays the mean coefficient of therma
ness) of various bond coats in the as-deposited condition, afteexpansion (CTE) versus temperature of the cast Ni-20Cr-10Al
100 1 h cycles and at TBC failure. The Al contents of the VPS 0.3Y, cast Ni-22Co0-18Cr-12.5AI-0.3Y, and René N5 over the
bond coats were reduced after oxidation, but none were depletetemperature interval 25 to 1200. The Ni-20Cr-10Al-Y alloy ex-
below the Al content of the René N5 substratewit.%), even at hibited lower CTE values than NiCoCrAlY betweerf€5and ap-
TBC failure. By comparison, the Al content of the APS NiCrAl- proximately 1000C. However, the Ni-20Cr-10Al-Y experienced
1Y (which provided superior TBC lifetimes as compared to VPS a high-temperature phase transformation, as indicated by a 25f
NiCoCrAIYHfSi) was 4.2 wt.% at TBC failure. increase in mean CTE over the temperature range 900 t6@030

This transformation was reversible and has been previously rg

ported for VPS Ni-22Cr-10AI-0.3¥ The NiCoCrAlY did not
. 1 : L Bare SX Rene N5 substrate exhibit an obvious phase transformation of this type. The René N
1 VPS Ni-22Co-18Cr-12AKYHESI superalloy exhibited the least thermal expansion over the entir
gz:: ::zg:::ﬁ;;sv range of testing. The mean CTE values of the Ni-20Cr-10AI-0.3Y,
@ APS NI22Cr-10AL1Y Ni-22C0-18Cr-12.5Al1-0.3Y, and René N5 at 1F&Dwere 20.3,
19.1, and 17.& 10°%°C, respectively.

%)

&

3.6. Bond Coat Mechanical Properties

-
1

The Young’s modulus and hardness values of the various bon
coats versus time-at-temperature are plotted in Fig. 7(a) and (b
for selected bond coat compositions. The Young’'s modulus o
VPS NiCoCrAIYHfSi and APS NiCrAl-1Y increased signifi-
cantly after 100 1 h cycles, whereas that of the VPS NiCrAI-1Y
increased only slightly. Previous work showed that this increasg
in E occurred during the first hour of heat treatnféht.
0 50 100 150 200 280 300 380 The hardness values and behavior of the VPS NiCrAI-1Y and
VPS NiCoCrAIYHfSi were similar, decreasing from 9.5 GPa in
the as-sprayed condition to approximately 6.2 GPa after 100 1
Fig. 5 Comparison of the weight changes during cyclic oxidation test- cycles at 1150C, thereafter remaining relatively constant to

ing (1 h cycles at 115TC) of a René N5 substrate and various APS of TR failure (Fig. 7a). Note that a previous study determined tha

VPS MCrAIX bond coats (with no YSZ top coat) on René N5 substrates. L .
One specimen of each type was tested. Specimen weight losses are ditN€ sharp reduction in hardness of VPS NICrAI-1Y occurred

to alumina scale spallation. Note that only one face of the substrates waafter only 1 h at 1150C.*® The hardness of as-sprayed APS
coated with MCrAIX. NiCrAl-1Y on René N5 was 4.9 GPa, but increased to 6.1 GP

4
@

Estimated Specific Weight Gain {mg/cm?)

Number of 1-h Cycles

Table 4 Bond coat Ni, Co, Cr, and Al contents (wt. %)(a)

Bond coat Substrate Condition Ni Co Cr Al

APS NiCrAI-1Y René N5 As-sprayed 67461.7 0.6£0.1 21.9+1.3 9.7+1.1
APS NiCrAI-1Y René N5 100 cycles 67+61.1 4.8+0.6 154+ 1.7 5.1+1.4
APS NiCrAI-1Y René N5 276 cycles(b) 68t71.0 5.8£0.4 13.5+ 2.2 4.6+0.8
VPS NICrAI-1Y René N5 As-sprayed 62491.5 0.1+ 0.1 21.7+1.3 11.1+ 0.6
VPS NiCrAI-1Y René N5 100 cycles 67+/0.1 3.0£0.1 17£0.4 6.1+ 0.1
VPS NICrAI-1Y René N5 360 cycles(b) 67+2.0 4.2+1.0 149+ 2.1 6.0£1.2
VPS NiCoCrAIX René N5 As-sprayed 4H8.7 21.4+2.0 174+ 1.4 13.8£0.9
VPS NiCoCrAIX René N5 100 cycles 58:P.4 15.6+ 3.6 127+ 3.1 8.6+ 3.5
VPS NiCoCrAIX René N5 180 cycles(b) 58t31.2 17.1+ 0.6 13.9+ 0.5 7.2£0.4

(a) Each bond coat also contained Ta, W, Re, and Mo after oxidation testing. Bond coat compositions were calculatedgstheveragitans across the
MCrAIX coating thickness. (b) Time corresponding to TBC failure (1 h cycles at°T)50
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after 100 1 h cycles and appeared to remain essentially constareven though they were deposited with identical parameters and
to TBC failure (276 cycles). Thus, the room-temperature hard- powder sizes.
nesses of all bond coats on René N5 were essentially identica
after 100 cycles. . )
4. Discussion

3.7. Bond Coat Surface Roughness The carefully controlled TBC fabrication and testing condi-

There was little difference in the average surface roughnesstions qf this study revealgd sigr)ificant differences in the thermal
(R, of the as-sprayed bond coats (Table 5). However, therecycle lifetimes of TBCs Wlth various APS or VPS MCrAIX bond
were slight differences in the standard deviations, which sug-c0ats. The average lifetimes of all TBCs in this study were equal
gests that there may be differences in the morphology of the surt® Of significantly bett_er thar_1 the reported I|f_et|mes of other
face roughness, if not the magnitude. Characterization of TBCPlasma-sprayed TBCs in the literatiire;’ 1750 it can be con-
cross sections by SEM also suggested differences in the boncluded that the observed dlfferenc_es inTBC I|_fet|me in this study
coat surface topologies. On a qualitative level, the surfaces ofvere notdue to substandard coating fabrication procedures. The
VPS NiCrAI-1Y appeared to be somewhat more irregular than Present results suggest that the composition of the MCrAIX bond
the surfaces of VPS NiCoCrAIYHfSi and VPS NiCrAl-0.25Y, coat exerts a significant influence on the relative thermome-

20
=====SX Rene N5

—O—Ni-20Cr-10Al-Y
—®—Ni-22Co-13Cr-12.8Al-Y

Mean CTE (10°°/°¢)

200 400 600 800

Temperature ( °C)

Fig. 6 Comparison of the mean CTE (25 to 12Q) of single-crystal

chanical stability of plasma-sprayed TBCs during oxidation test-
ing at an accelerated temperature, which is in agreement with
previous studieg.+ 11

For the purposes of the following discussion, it is assumed that
the plasma-sprayed YSZ top coats in this study were identical in
structure and properties. Thus, the potential contributing factors to
the observed variations in TBC durability included differences in
(1) bond coat composition and subsequent variations with time-
at-temperature, (2) bond coat mechanical properties and varia-
tions with time-at-temperature, (3) bond coat surface roughness,
(4) bond coat oxidation behavior, (5) MCrAIX thermal expansion
behavior, (6) bond coat surface topology, and (7) interfacial scale
damage accumulation due to cyclic thermal stresses. Table 6 cor-
relates the observed trends in these properties (and other related
factors) with TBC lifetimes.

There was no apparent relationship between bond coat Al de-
pletion and TBC durability. The hardness and Young’'s modulus
of the various bond coats in this study were very similar after 100
1 hcycles (Fig. 7a and b). The reasons for the changes in APS and
VPS bond coat hardness after heat treatment are discussed else-
wherell%l Note that these ambient temperature mechanical prop-

Rene N5 to cast versions of the bond coat alloys used in this studyerties measurements do not necessarily provide an indicator of the

(Ni-20Cr-10Al-Y and Ni-22Co-18Cr-12.5Al-Y).

T T T T T T 1 v 1 T T T T T
260 i
- =O=VPS$ NICTAIY iy
ol . 2 R TR o S | ol {.“ '{;'APS NEOI'AMY ' |
o I -{1-VPS NiCoCrAIYHfSI
[0 S o R R e —_
® 220 | " " | & st |
2 o
= ~—
2 2 7t 4
= 200 g I
® -O-VPS NiCrAl-1Y 5 ]
s y o L i
o 180 | s -@-APS NiCrAk1Y 8
H -[1-VPS NICoCrAIYH
> 5 _
160 - [ 4
4 4
L 1 1 1 1 : ) ' I I I

] 50 100 150 200 250

Number of 1-h Cycles

350

relative high-temperature properties of the various bond coats. It

0 60 100 150 200 250 300 350
Number of 1-h Cycles

Fig. 7 Mechanical properties of the various MCrAIX bond coats (on Rene N5 substrates) with respect to number of cyclé€tad bs€asured
by mechanical properties microprob&). MCrAIX Young's modulus and) MCrAIX hardness. The properties of all MCrAIX bond coats were very

similar after heat treatment.
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was possible that subtle differences in bond coat surface topology  Alternatively, the slightincrease in TBC cyclic oxidation rate
unrelated td=,, may have influenced TBC performance. could be an indication that greater amounts of cracking and dqg
lamination were occurring in the interfaciab@® scales on VPS
4.1 Cyclic Oxidation Behavior NiCoCrAIYHfSi. Previous studies have reported significant lo-
calized damage in the interfacial,®% scales after thermal cy-
From review of the literature, it was anticipated that TBCs cling of APS TBCd78215ISince the YSZ top coat prevents scale
with VPS bond coats would have significantly longer thermal spallation, an increase in the susceptibility to scale damag
cycle lifetimes than TBCs with APS bond coats, primarily due would accelerate the apparent TBC cyclic oxidation rate due tq
to the superior oxidation resistance of VPS bond dbat3.It rapid oxide reformation beneath the cracked or delaminated in
was also expected that the durability of TBCs with VPS NiC- terfacial ALO; scales. This would be the case even if the intrin-
oCrAlYHfSi bond coats would be equal to or superior to that of sic isothermal oxidation rates of NiCrAlY and NiCoCrAlYHfSi
TBCs with NiCrAlY-type bond coats, especially since the NiCo- were similar. Analysis of metallographic cross sections of cycled
CrAlY-type alloys do not undergo a significant volumetric in- TBCs by SEM confirmed that varying amounts of localized
crease due to high-temperature phase transformation (Fig. 6)cracking, delamination, and reformation of the interfacigDAl
Contrary to these expectations, the average lifetimes of TBCsscales had occurred on all bond coats after 100 cycles, as illu
with VPS NiCrAl-1Y bond coats were only 20% greater than trated in Fig. 8(a) and (b). Further research will be required to ef
those of TBCs with APS NiCrAl-1Y bond coats, and were twice fectively quantify the relative amounts and frequency of
those of TBCs with VPS NiCoCrAlIYHfSi bond coats. Even interfacial scale damage, as well as their potential influence o
more surprising was the fact that APS NiCrAl-1Y bond coats TBC durability.
yielded TBC lifetimes that were a factor of 1.6 greater than those Comparison of the thermal cycle behavior of the bare
of TBCs with VPS NiCoCrAIYHfSi bond coats (Fig. 3). MCrAIX coatings provides additional insight into the relative
The results described here suggest that the significant variascale adhesion behavior of the various bond coats and suppo
tions in TBC lifetimes may be associated with subtle differencesthe presumption that differences in APS TBC lifetimes might
in the oxidation behavior of the NiCrAlY and NiCoCrAIYHfSi  have been related to bond coat scale adhesion behavior. T
bond coats. The oxidation rates of TBCs with VPS NiCoCrA- TBC durability generally decreased as the time to initiation of
IYHfSi bond coats were slightly higher than those with VPS scale spallation decreased or as the rate of scale spallation i
NiCrAlY (Fig. 4), which could be due to small differences in creased (Fig. 5). Coincidentally, each type of TBC typically
oxide scale growth rates or a larger NiCoCrAIYHfSi coating sur- failed at or near the number of cycles that corresponded to th
face area. However, SEM analysis of metallographic cross sectime at which their respective bond coat specimen spalled t(
tions suggested a slightly more irregular surface (and a potentiallyits original weight, as illustrated in Fig. 9. This observation
larger surface area) on the VPS NiCrAl-1Y bond coats. implies that the relative times to TBC failure may have been

POMBINSY 1834

Table 5 Bond coat surface roughness

Bond coat type APS NiCrAI-1Y VPS NiCrAl-1Y VPS NiCrAI-0.25Y VPS NiCoCrAIYHfSi
R, (um) 10.6 11.8 10.2 11.8
Standard Deviation 0.3 0.5 1.3 1.1

R, is the arithmetical mean deviation of all roughness profile values (from the mean line).

Table 6 Qualitative comparisons of the apparent effects of various coating properties on trends in TBC lifetimes

Property Significant effect on TBC life Potential effect on TBC life No effect on TBC life

Bond coat starting composition X

MCrAIX CTE below 1000 °C X

Time to initiation of scale spallation(a) X

Apparent scale spallation rate(a) X

Bond coat Cr content X
Bond coat surface topology X
TBC cyclic oxidation rate X
Internal oxidation of the APS bond coat X
Bond coat Youngs modulus(b)

Bond coat hardness(b)

Bond coat Al content

MCTrAIX CTE at 1150°C

Average bond coat surface roughness

Bond coat cyclic oxidation rate

XX X X X X

(a) Bare bond coat. (b) At 2&
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Fig. 8 Secondary electron images of TBC cross sections after thermal cycling, showing the presence of localized dama@gimténtade scales
after 100 cycles: (a) TBC with APS NiCrAl-1Y bond coat and (b) TBC with VPS NiCoCrAIYHfSi bond coat. Although there wasasigsifite
damage (in the form of cracking and multilayering) in localized regions, scale cracking was not visible over the magiityeofabte.

—J-VPS NiCoCrAIYHfS| + TBC CTE behavioFY Bartlett and Dal Maschio suggested that failure
—kbare VPS NiCoCrAIX of plasma-sprayed TBCs is facilitated by cracks that form in the
—O-VPS$ NiCrAl-Y + TBC
—@—bare VPS NiCrAl-1Y

brittle Al,O; scales and then propagate into the adjacent YSZ
layer!® However, this conclusion does not agree with the obser-
vations of other studies, which reported that the critical YSZ
cracks that caused TBC spallation did not initiate in th©Al
scale?- 181 Thus, the role of interfacial AD; scale cracking within

the TBC damage accumulation process is still unclear.

4.2 Thermal Expansion Behavior

The CTE curves for cast Ni-20Cr-Al-1Y in Fig. 6 were similar
to those reported in Ref 5 for monolithic VPS Ni-22Cr-10AI-0.3Y.
Thus, it was concluded that the CTE results for the cast MCrAIX
alloys are representative of bond coat behavior. The magnitude of
the residual stresses generated in the4dnd YSZ layers during
cooling should be proportional to the difference in metal and ce-

0 50 100 150 200 250 300 350 ramic CTE values, with all other factors constant. Thus, for identi-
Number of 1-h Thermal Cycles cal peak temperatures, the bond coat with a lower CTE provides
lower residual stress in the ceramic layers after cooling to ambient
Fig.9 Comparison of TBC and bond coat oxidation behavior at 50  temperature (assuming similar high-temperature mechanical prop-
Note that gtB d%zfggg‘z;’fgtt‘{lse %??2;2?;”2; r";te"r‘]’fvfef; tﬂf (ggggocgggépgcgerties), which should result in both improved oxide scale adhesion
Irgt(iagn\;\{eTI%is behavior was typicagll of alle‘our bond cgat compositions O'I:’)] land increased TBC durability. The lower CTE _values of René N5
René NB5. (Fig. 6) agree with its excellent &); scale adhesion, as compared
to the MCrAIX alloys (Fig. 5).

The thermal stresgg,r, in the thin YSZ top coats can be
influenced by some critical amount of interfacial@ddamage approximated (assuming a biaxial stress state) by
accumulation.

Although it is well known that TBC degradation is acceler- o,y = ATAQE/ (1- 1) (Eq D
ated under oxidizing conditiori®! and that TBC lifetimes are
dependent on both the number of thermal cycles and the timewhereAT is the difference between ambient temperature and
at-temperature, there is no clear understanding of the influence opeak temperaturéa is the difference in mean CTE between the
bond coat composition or oxidation behavice.(scale growth ceramic and metal layer,is the Young's modulus of the YSZ
rates and scale adhesion). Brindley and Miller reported that thetop coat, andgl is the Poisson ratio of the YSZ top c88tThe
intrinsic isothermal oxidation rates of various NiCrAlY bond values o, a, andufor APS YSZ are approximately 50 GP4,
coats were not necessarily an indicator of relative TBC perfor- 10x 106 °C,>7and 0.25 (as estimated in Ref 20), respectively.
mance? Other investigations have suggested that the relative Based on the 1150C CTE values in Fig. 6, AT of 1125°C
durability of plasma-sprayed TBCs on various bond coats waswould induce biaxial thermal stresses of approximat@ly3
strongly influenced by bond coat creep resistan8er the in- and-683 MPa for APS YSZ top coats with Ni-20Cr-10AI-Y and
teraction of bond coat stress relaxation behavior with bond coatNi-22Co-18Cr-12.5AI-Y bond coats, respectively. This corre-

Estimated Specific Weight Change (mg/cm?)
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sponds td113% increase in residual thermal stress for TBCs on NiCrAI-0.3Y (Fig. 3), and the fact that the scale spallation rate
NiCrAlY compared to NiCoCrAIYHTfSi, which does not explain  on NiCrAl-0.25Y was higher than that of NiCrAl-1Y (Fig. 4),
the observed doubling in TBC durability on VPS NiCrAI-1Y. support the hypothesis that scale adhesion behavior may ha
The above comparison suggests that bond coat CTE behaviobeen a significant contributor to TBC degradation (since the
at the peak temperature (1180) was not a dominant factor in  CTE of these two bond coats should have been effectively ide
determining the relative durability of specific TBC systems. tical). However, to our knowledge, there have been no previou
However, if one considers that rapid stress relaxation of MCrAIX studies comparing the cyclic oxidation behavior of various bond
alloys typically initiates in the 600 to 80C rangé$ 1% ¥lthen coats with their relative plasma-sprayed TBC lifetimes. Addi-
cooling stresses generated above the ductile-to-brittle transitiortional confirmation of the oxidation-related trends observed in

POMBINSY 1934

temperature of the bond coat are elimin&téBurthermore, note
that in Fig. 6 the mean CTE of NiCrAlY is significantly lower
than that of NiCoCrAlY belovi®00°C. Thus, it is possible that

the relative levels of residual stress in the overlying ceramic lay-5. Summary

ers are not determined by the expansion behavior from the peal
temperature, but are instead determined by the relative bond coe*
thermal expansion behavior below an intermediate temperature
as has been suggested previoldly.

The NiCrAlY and NiCoCrAlY mean CTE values at 800 .
were measured as 15.2 and Y10 °C, respectively (Fig. 6).
Using aAT of 775°C, and assuming MCrAIX stress relaxation
above 800C, Eq 1 estimates a 38% increase in biaxial residual
stress for TBCs with NiCoCrAlY bond coats (which does not ac-
count for differences in bond coat stress relaxation or stress inten
sification due to oxidation and the irregular bond coat surface).
This estimation agrees with the observed trends in TBC durabil-
ity; i.e., lower residual stress yields longer TBC lifetimes. These
results support Brindley’s theory that the YSZ residual stresses fol
a specific TBC system are determined by the combined effects o
the bond coat stress relaxation behavior and the path of the bon
coat CTE curve below the relaxation temperaféire.

From the perspective of CTE behavior, it can be asked why
the average lifetimes of TBCs with VPS NiCrAl-1Y bond coats
were consistently better than those of TBCs with APS NiCrAl-
1Y, since the only significant difference in the as-deposited coat-*
ings was the bond coat fabrication process. It could be argued the
APS NiCrAl-lY might provide a slight decrease in YSZ residual
stress, since its effective CTE is likely reduced by the significante
amounts of dispersed internal oxides. The reason for the de:
creased TBC durability was not clear, but it is possible that the
APS NiCrAI-1Y experienced a slight volume increase due to ox-
idation along internal porosity, which may have accelerated TBC
failure by increasing out-of-plane YSZ tensile stresses. The rela-,
tive lifetimes may have also been affected by subtle differences
in bond coat surface morphology or scale adhesion behavior.

Itis also probable that the thermal expansion behavior of eact
bond coat is not constant with time at temperature, since the bon
coat composition changes significantly during high-temperature
exposure (Table 4). Thus, in order to facilitate more accurate
stress models, there is a need to determine the CTE behavior ar
the time- and temperature-dependent mechanical properties o
specific bond coats (on specific substrate alloys).

Bond coat scale adhesion and CTE behavior below@00

this investigation is needed.
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